The objectives of this study were to solve computationally the arm stroke in the crawl swimming which maximized the swimming speed for different maximum joint torque conditions, and to investigate the maximum joint torque dependency of the crawl swimming with the optimized arm stroke. In the optimizing calculation, the swimming human simulation model, SWUM, was used for the simulation of the crawl swimming. The maximum joint torque characteristics, which were constructed in the previous study, were imposed as the constraint condition. In order to investigate the maximum joint torque dependency of the optimized arm stroke, four levels of maximum joint torque were prepared. The following findings were obtained from the results of optimization: The maximum swimming speed was realized by shortening the stroke cycle as much as possible although this shortening brought a lower propulsive efficiency as well as a lower stroke length. In a constant maximum joint torque condition, the swimmer does not push the water by turning the palm to the side in the latter half of the underwater stroke at the stroke cycle which brings the maximum swimming speed. The locus of the hand was relatively straight. At the slightly longer stroke cycle, the swimmer pushed the water until the end of the underwater stroke. The locus of the hand was still relatively straight. At the sufficiently longer stroke cycle, the swimmer also pushed the water until the end of the underwater stroke. The locus of the hand, however, became more curved and therefore became a so-called 'S-shaped' stroke.
Introduction
The crawl is the fastest stroke among all strokes for humans. The main component of the thrust in the crawl is considered to be produced by the upper limbs, especially by the hands and forearms (Hollander et al., 1988) . Therefore, the style of the arm stroke is extremely important in the crawl. For this reason, many studies related to the arm stroke have been conducted to date (Schleihauf et al., 1983 , Schleihauf et al., 1988 , Berger et al., 1995 , Bixler and Riewald, 2002 , Sato and Hino, 2003 , Rouboa et al., 2006 , Pai, 1987 , Kudo et al., 2007 , Sidelnik and Young, 2006 , Nakashima and Takahashi, 2012a , Nakashima and Takahashi, 2012b , Takagi and Sanders, 2002 , Matsuuchi et al., 2009 . Most of these studies are summarized to analyze the swimming motions for existing athlete swimmers, or to estimate the characteristics of the fluid forces acting on the hands and forearms. Alternatively, as an attempt to solve computationally the 'optimal' stroke, Ito and Okuno (2003) and Ito (2007) solved the optimal stroke direction to maximize the thrust and efficiency from the lift/drag characteristics of the hand.
The optimal arm stroke should be solved taking the whole body motion of the swimmer into account, since the arm stroke is realized by the combined motion of the joints of the upper limbs and the complicated three-dimensional movement of the trunk. As a tool to treat the whole body dynamics in swimming, the swimming human simulation model SWUM , http://www.swum.org/) has been developed. Using SWUM, Nakashima and Sato (2009) conducted the optimizing calculation of the arm stroke in the crawl. In this pilot study, the genetic algorithm as an optimizing method was incorporated into SWUM, and the strokes which respectively maximize the swimming speed and propulsive efficiency were obtained. Nakashima et al. (2012) further extended this approach. In this previous study, an optimizing method, which consisted of the random search and the PSO (Particle Swarm Optimization) algorithm, was constructed. In order to consider the maximum joint torque characteristics of the swimmer as the constraint condition of the optimization, an experiment to measure the maximum joint torques was carried out for various joint angles and angular speeds. Using the measured experimental data as the reference values, a musculoskeletal simulation model was constructed. By the constructed musculoskeletal model, maximum joint torque characteristics in various conditions were investigated and used to create a database. Using this database, the optimizing calculation was finally conducted.
In the previous study, the maximum joint torque characteristics were fixed as a single constraint condition. Since this constraint condition was imposed as the upper limit of the joint torque in the optimizing calculation, the resultant arm stroke maximizing the swimming speed could be regarded as the 'maximal effort' swimming for the short distance event, such as 50m or 100m. However, for longer distance events such as 200m, 400m, 800m and 1500m, the competitive swimmers are considered not to use their maximal effort, but to reserve it. Such a situation is considered to be simulated by lowering the limit of the joint torque. Therefore, the optimizing calculation using the different lower maximum joint torque conditions should be conducted.
The objectives of this study were to solve computationally the arm stroke in the crawl swimming which maximized the swimming speed for different maximum joint torque conditions, and to investigate the maximum joint torque dependency of the crawl swimming with the optimized arm stroke. The simulation method, which was constructed in the previous study (Nakashima et al., 2012) , is briefly described in § 2. The results are discussed in § 3. The main findings obtained in this study are summarized in § 4.
Simulation method

Outline of the swimming human simulation model SWUM
In order to evaluate the arm strokes in the optimizing calculation, the swimming human simulation model SWUM was employed. SWUM was designed to solve the six degrees-of-freedom absolute movement of the whole swimmer's body as a single rigid body by time integration using the inputs of the swimmer's body geometry and relative joint motion. Therefore, the swimming speed, roll, pitch and yaw motions, propulsive efficiency, joint torques and so on, are computed as the output data. The swimmer's body is represented by a series of 21 rigid body segments as follows: lower and upper waist, lower and upper chest, shoulders, neck, head, upper and lower hips, thighs, shanks, feet, upper arms, forearms and hands. Each body segment is represented by a truncated elliptic cone. The unsteady fluid force and gravitational force are taken into account as external forces acting on the whole body. The unsteady fluid force is assumed to be the sum of the inertial force due to the added mass of the fluid, normal and tangential drag forces and buoyancy. These components are assumed to be computable, without solving the flow, from the local position, velocity, acceleration, direction, angular velocity, and angular acceleration for each part of the human body at each time step. The coefficients in this fluid force model were identified using the results of an experiment with a limb model and measurements of the drag acting on swimmers taking a glide position in the previous studies . As a result of the identification, the fluid force model was found to have satisfactory performance. Many other studies by SWUM, including its validation and application, have been already conducted to date (Nakashima, 2007 , Nakashima, 2009 , Nakashima et al., 2010a , Nakashima et al., 2010b , Nakashima, 2010 , Nakashima et al., 2013 .
Design variables and objective function
In SWUM, the input swimming motion in one stroke cycle is represented as the time histories of the joint angle. In this study, one stroke was divided into 6 time frames for the upper limbs and 18 for the lower limbs. The joint angles between each of the two frames are automatically interpolated using the Spline function. The upper limb motion was represented by five degrees-of-freedom (DOF), that is, three at the shoulder joint and two at the elbow joint (flexion/extension and supination/pronation). Each of the five joint angles at three time frames, in which the arm is underwater, was chosen as the design variables. Therefore, the total number of design variables was 15 (5 DOF  3 frames).
The objective function in the present study was the swimming speed, which was defined as the one averaged in a stroke cycle.
Optimizing method
In order to obtain the optimal solution as globally as possible within a reasonable computation time, two-step optimization was employed in this study. In the first step, the simple random search was used for global searching. In this search, 10,000 randomly generated arm strokes were evaluated and the best 20 were employed for the initial candidates of the second step. In the second step, the PSO (Particle Swarm Optimization) algorithm (Kennedy and Eberhart, 1995) was used for fine searching.
Constraint conditions
In the present study, three constraint conditions were imposed on the optimizing calculation. The first one related to the adduction angle of the shoulder joint. In the crawl, the adduction angle is considered to monotonously increase (the arm moves from head side to foot side). Therefore, when the three adduction angles for the three time frames were output from the optimizing algorithm, the order of these joint angles were rearranged so that the adduction angles monotonously increase. This constraint enabled the exclusion of arm strokes that were too unrealistic.
The second constraint was to prevent the penetration of the hand into the trunk of the swimmer. In order to prevent the penetration, a database to judge the penetration was constructed by calculating whether the hand penetrates the trunk or not for various joint angles. Using this database, the maximum elbow flexion angle could be calculated. If the elbow flexion angle output from the optimizing algorithm exceeded this limit, the flexion angle was forcibly reduced to the limit.
The third constraint related to the maximum joint torque characteristics of the swimmer. The details are described in the next subsection.
Maximum joint torque characteristics
Since the maximum joint torques are affected by the joint angles and angular speeds, they are not constant in the swimming stroke. Therefore, they were investigated and incorporated into the optimizing calculation in the present study as follows.
To begin with, an experiment using subject swimmers was conducted in order to experimentally acquire the maximum joint torques for various joint angles and angular speeds. The acquired experimental characteristics, however, were not sufficient for the optimization since the data were obtained only in limited experimental conditions. There were actually numerous combinations of angles and angular speeds of shoulder and elbow joints during the swimming stroke. In order to solve this problem, a musculoskeletal simulation in which the muscle activations were obtained for numerous combinations of joint angles, angular speeds, and torques was carried out. By using the information obtained by this simulation, it was enabled to calculate the maximum joint torque when a certain muscle was fully activated. Before the simulation, the musculoskeletal model had to be able to reproduce the experimental results. Therefore, the muscle parameters in the constructed musculoskeletal model were adjusted so that the simulation could reproduce the experimental characteristics. The details are described in the reference (Nakashima et al. 2012) .
Using the adjusted muscle parameters, the maximum joint torques for various combinations of the angles and angular speeds of the shoulder and elbow joints were calculated by the simulation. The results were stored in the computer as a database, which was referred in the optimizing calculation. The reason for constructing the database was that the musculoskeletal simulation took too much computation time to be directly incorporated into the optimizing iteration. In the optimizing calculation, the maximum joint torques were calculated at each time step in SWUM by the interpolation of the database values. If a joint torque during swimming calculated by SWUM exceeded the maximum joint torque, a penalty term was added to the objective function so that the resultant objective function was reduced.
In order to investigate the maximum joint torque dependency of the optimized results, four levels of maximum joint torque (MJT), that is, 'MJT 1.0', 'MJT 0.9', 'MJT 0.8' and 'MJT 0.6' were prepared for the calculation. In MJT 0.6, for example, all the values of the maximum joint torques in the database were simply multiplied by 0.6. Therefore, it corresponds to the situation in which the swimmer only uses 60% of the maximal effort. 
Swimming speed, propulsive efficiency and stroke length
The optimizing calculations were conducted in the condition that the stroke cycle was fixed to a constant value. It took 170 hours (7 days) to obtain the results for one optimizing calculation by a PC. The results of the swimming speeds are shown in Table 1 . The 'X' marks in the table means the cases where the solution could not be obtained. That is, all the 20 final candidates in the PSO algorithm largely violated the constraint condition with respect to the maximum joint torque. From this table, it was found that the shortest stroke cycle brought the maximum swimming speed in a constant maximum joint torque. The results of Table 1 are schematically plotted in Fig. 1 . Note that some unevenness is seen in the line graphs because of the insufficient accuracy of the optimizing calculation. From Fig. 1 , it was found that the swimming speed decreases according to the increase in the stroke cycle. It was also found that the swimming speed decreases according to the decrease in the maximum joint torque. Therefore, the stroke cycle producing the maximum swimming speed increases according to the decrease in the maximum joint torque. These results mean that the maximum swimming speed cannot be achieved in longer stroke cycles, that is, the swimmer has to choose the shortest stroke cycle to maximize his/her swimming speed. However, this does not necessarily mean that 'the shorter stroke cycle is better'. For example, if the swimmer has the maximum joint torque of MJT 0.6, the swimmer should choose the stroke cycle of 0.9 s. If the swimmer chooses 0.7 s, he/she cannot even swim, that is, the reasonable joint motion cannot be realized. Therefore, for the athletic swimmers, these results suggest the importance of choosing the appropriate stroke cycle for his/her maximum joint torque to enhance the performance.
The results of propulsive efficiency are shown in Fig. 2 . In the present study, the propulsive efficiency  is defined as Table 1 Results of swimming speeds (unit is m/s). The power consumed by the swimmer was calculated as the amount of local power which was calculated by the local external force acting on the swimmer (fluid force) multiplied by the local velocity at the local point in the swimmer's body. The joint passive resistance was not considered in the calculation since it was regarded as small. From Fig. 2 , it was found that the propulsive efficiency decreased according to the decrease in the stroke cycle for all the maximum joint torque conditions. Therefore, it can be said that the maximum swimming speed was attained in the condition of the lowest propulsive efficiency. With respect to the maximum joint torque dependency, the propulsive efficiency decreased according to the decrease in the maximum joint torque, especially for the lower stroke cycles. However, since the stroke cycle which brought the maximum swimming speed increased according to the decrease in the maximum joint torque, the propulsive efficiency at the stroke cycle of the maximum swimming speed was mostly constant (around 0.15) for all the maximum joint torque conditions.
The results of the stroke length are shown in Fig. 3 . The stroke length in the present study was defined as the propulsive distance in one stroke cycle, which was nondimensionalized by the swimmer's stature. From Fig. 3 , it was found that the stroke length decreased according to the decrease in the stroke cycle and the maximum joint torque. As a Fig. 2 Relationship between stroke cycle and propulsive efficiency. result, the stroke length at the stroke cycle of the maximum swimming speed was again mostly constant (0.80~0.90) for all the maximum joint torque conditions.
To conclude this subsection, it was found that the maximum swimming speed was realized by shortening the stroke cycle as much as possible although this shortening brought the lower propulsive efficiency as well as the lower stroke length.
Swimming motion
As an example, the swimming motions and their characteristics for MJT 0.8 are schematically summarized in Fig.  4 . In this figure, t* represents the nondimensional time, which is normalized by the stroke cycle. That is, one stroke cycle is t* = 0.0 to 1.0. Six moments are shown in the figure. The moments t* = 0.0 and 0.667 are the fixed frames (the joint angles were fixed for these frames in the optimization). The moments t* = 0.167, 0.333 and 0.500 are the frames at which the joint angles were the design variables. The moment t* = 0.440 was used in order to show the difference of the palm directions. At the stroke cycle of 0.8 s (left column), which brought the maximum swimming speed, the swimmer did not push the water by turning the palm to the side in the latter half of the underwater stroke (t* = 0.440). From the bottom view, it was found that the locus of the hand (shown in the red dotted line) was relatively straight. The reason why the palm was turned to the side in this calculation relates to the constraint condition of the design variables in the optimizing calculation. Since the adduction angle had to monotonously increase among t* = 0.167, 0.333, 0.500, the adduction angle at t* = 0.500 had to be larger than that at t* = 0.333. Therefore, it was not possible to end the underwater stroke earlier and raise the arm for the recovery in the present calculation. In the actual situation, it seems more reasonable and better to end the underwater stroke earlier and raise the arm for the recovery than to turn the palm to the side. At the stroke cycle of 1.0s (center column), the swimmer pushed the water until the end of the underwater stroke. The locus of the hand was still relatively straight. At the stroke cycle of 1.3 s (right column), the swimmer also pushed the water until the end of the underwater stroke. The locus of the hand, however, became more curved and therefore became a so-called 'S-shaped' stroke. In addition, the stroke became a so-called 'high-elbow' at the catch phase (t* = 0.167). Since the longer stroke cycle brought the higher propulsive efficiency as shown in Fig. 2 , it was suggested that the techniques of the 'high-elbow' and the 'S-shaped' stroke contributed to the increase in the propulsive efficiency. In the short stroke cycle, the swimmer could not take such techniques by the constraint of the maximum joint torque. However, by shortening the stroke cycle, that is, by increasing the number of the stroke in a constant time, the maximum swimming speed was attained.
Similar tendencies were also seen in the other maximum joint torque conditions. However, the values of the stroke cycle corresponding to the stroke style changed according to the change in the maximum joint torque. This is schematically explained in Fig. 5 . For example, the 'not pushing in the latter half' stroke (the red area) was seen in the stroke cycles of 0.7 s and 0.8 s for MJT 1.0, while it was seen in the stroke cycles of 0.9 s, 1.0 s and 1.1s for MJT 0.6. In the 'pushing until the end' stroke (the blue area), the locus of the hand changed from straight (lower stroke cycle) to S-shaped (higher stroke cycle). Note that the swimming speed did not increase much according to the increase of the maximum joint torque for the stroke cycles higher than 1.2 s. The reason for this might be the problem in the optimizing calculation. As shown in Fig. 4 , the swimmer already finished the underwater stroke at the third frame for the design variable (t* = 0.500) in the stroke cycle of 1.3 s. That is, the swimmer finished the underwater stroke in the anterior part of the optimizing time period. Therefore, the underwater stroke was represented only by the two first time frames. This might not sufficient to form the good stroke which can produce the thrust efficiently. Therefore, there is a possibility for these stroke cycles that better strokes can be found by the improvement of the optimizing calculation.
Conclusions
In this study, the arm strokes in the crawl swimming which maximized the swimming speed for different maximum joint torque conditions were solved computationally. The maximum joint torque dependency of the crawl swimming with the optimized arm stroke was investigated. The main findings are summarized as follows:
( 1 ) The shortest stroke cycle brought the maximum swimming speed in a constant maximum joint torque.
( 2 ) The stroke cycle producing the maximum swimming speed increased according to the decrease in the maximum joint torque. ( 3 ) The maximum swimming speed was realized by shortening the stroke cycle as much as possible although this shortening brought the lower propulsive efficiency as well as the lower stroke length. ( 4 ) In a constant maximum joint torque condition, the swimmer does not push the water by turning the palm to the side in the latter half of the underwater stroke at the stroke cycle which brings the maximum swimming speed. The locus of the hand was relatively straight. At the slightly longer stroke cycle, the swimmer pushed the water until 
